Abstract-The implementation of a chirped fiber-Bragg grating (FBG) for dispersion compensation in high-speed (up to 120 Gbit/s) transmission systems with differential and coherent detection is, for the first time, experimentally investigated. For systems with differential detection, we examine the influence of group-delay ripple (GDR) in 40 GBd 2-, 4-, and 8-ary differential phase shift keying (DPSK) systems. Furthermore, we conduct a nonlinear-tolerance comparison between the systems implementing dispersion-compensating fibers and FBG modules, using a 5 × 80 Gbit/s 100-GHz-spaced wavelength division multiplexing 4-ary DPSK signal. The results show that the FBG-based system provides a 2 dB higher optimal launch power, which leads to more than 3 dB optical signal-to-noise ratio (OSNR) improvement at the receiver. For systems with coherent detection, we evaluate the influence of GDR in a 112 Gbit/s dual-polarization quadrature phase shift keying system with respect to signal wavelength. In addition, we demonstrate that, at the optimal launch power, the 112 Gbit/s systems implementing FBG modules and that using electronic dispersion compensation provide similar performance after 840 km transmission despite the fact that the FBG-based system delivers lower OSNR at the receiver. Lastly, we quantify the GDR mitigation capability of a digital linear equalizer in the 112 Gbit/s coherent systems with respect to the equalizer tap number (N tap ). The results indicate that at least N tap = 9 is required to confine Q-factor variation within 1 dB.
cause signal distortion [1] [2] [3] [4] [5] . This raises concerns with regard to practical implementations of such devices in transmission systems with bit-rates (per channel) beyond 10 Gbit/s.
In recent years, the influence of FBG-induced GDR in higher than 10 Gbit/s systems with direct or differential detection has been extensively investigated by means of simulations with respect to various modulation formats, for instance, on/off keying (OOK), differential phase shift keying (DSPK), and return-to-zero (RZ) [2, 3, 6] . A similar investigation of a 40 Gbit/s binary DPSK system has also been experimentally conducted as a function of the GDR presented in the system [4] . In addition, successful transmission of 10 Gbit/s OOK and 43 Gbit/s 4-ary DPSK (DQPSK) with inline FBG modules over 1000 km has recently been reported [7, 8] . These results show the feasibility of using FBG modules for dispersion compensation in high-speed transmission systems. However, the highest bit-rate previously reported is still limited to approximately 40 Gbit/s. Furthermore, the benefit of the device's lack of nonlinearity has not been addressed in previous work.
The GDR-induced performance degradation in coherentdetection systems, on the other hand, may be seen as less of a problem since such an impairment can be mitigated to large extent through digital signal processing (DSP), i.e., a linear equalizer. This mitigation capability has been numerically analyzed in [9] and has been shown to be independent of the signal bit-rate. Thus, the use of FBG modules in coherent-detection systems can be very beneficial as it significantly helps in reducing the receiver's complexity, chip area, and power consumption when compared to systems implementing electronic dispersion compensation (EDC). However, this conjecture still lacks experimental support.
In this paper, we experimentally evaluate the feasibility of implementing FBG modules for dispersion compensation in high-speed (up to 120 Gbit/s) transmission systems. The evaluations are performed with respect to the following two aspects.
Firstly, we investigate the performance degradation caused by FBG-induced GDR in differential-and coherent-detection systems. For differential-detection systems, we extend the previous studies by, for the first time, quantifying the GDRinduced penalty in 40 GBd RZ M-ary DPSK (M = 2, 4, 8) systems as a function of the number of FBG modules used in the link. Next, we present the first nonlinear-tolerance comparison between the systems implementing DCFs and FBG modules with respect to the optimal launch power (P L ), using 5 × 80 Gbit/s 100-GHz-spaced RZ-DQPSK over a 480 km standard single-mode fiber (SMF) link. For coherent-detection systems, we experimentally evaluate the performance of a 112 Gbit/s dual-polarization (DP) quadrature phase shift keying (QPSK) signal after transmission through a concatenation of FBG modules with respect to signal wavelength. The first direct performance comparison between the systems using EDC and FBG modules is also demonstrated over an 840 km SMF link.
Secondly, we assess the GDR mitigation capability in the 112 Gbit/s DP-QPSK coherent-detection system by means of experiments. The mitigation capability investigated here is quantified in the form of Q-factor variations of the signal over a 20 nm wavelength range with respect to the linear equalizer's tap number (N tap ). To our knowledge, this is also the first experimental assessment of GDR mitigation capability ever reported. This paper is organized as follows. Section II provides the properties of the FBG modules used in the experiments. Section III describes the experimental setups of both differential-and coherent-detection systems. Section IV concerns the GDR-induced performance degradation in high-speed transmission systems with differential and coherent detection. Lastly, Section V deals with the GDR mitigation capability of a linear equalizer in coherent systems. modules. The 80 km modules exhibit dispersion and slope of −1334 ps/nm and −0.46 ps/nm 2 at 1550 nm wavelength, which are opposite to those found in typical 80 km SMFs, ensuring full dispersion compensation for all WDM channels. Similarly, the dispersion and slope present in the 120 km modules are measured to be −2000 ps/nm and −0.69 ps/nm 2 , which are opposite to those of typical 120 km SMFs. For the channelized modules, the dispersion present in each WDM channel is opposite to those of typical 120 km SMFs.
II. PROPERTIES OF THE FBG MODULES UNDER INVESTIGATION
The operating wavelengths of both continuous and channelized modules cover the entire C-band. The channelized modules also provide a channel 3 dB bandwidth of 55 GHz and more than 40 dB channel isolation. Figure 1 illustrates the measured group delay and the insertion loss of both 120 km continuous and 120 km channelized modules. By subtracting the group delay with its 2 nd -order polynomial fit, the GDR can clearly be observed, as depicted in Fig. 1 (insets) . Note that a linear fit was used in the case of the channelized module as dispersion can be considered constant over a narrow bandwidth. In Fig. 2 , the GDR histograms of four individual 120 km continuous modules and a concatenation of 8 (5 × 120 km + 3 × 80 km) continuous modules are shown.
The properties of the FBG modules are listed in Table I in comparison to those of the DCFs used Section IV. In addition to the absence of nonlinearities, the notable feature of FBG modules is low insertion loss.
III. THE EXPERIMENTAL SETUP
In this section, the experimental setups of the systems with differential and coherent detection are described. 
40 GHz CLK A. Differential-Detection Systems Figure 3 shows a schematic of 40 GBd M-ary RZ-DPSK (M = 2, 4, 8) systems with differential detection. As seen, the M-ary RZ-DPSK transmitter consisted of a distributed feedback (DFB) laser operating at 1553.12 nm, an inphase/quadrature (I/Q) modulator, a phase modulator (PM), and a Mach-Zehnder modulator (MZM). The I/Q modulator was driven by two 40 Gbit/s binary data streams (D1 and D2), providing an 80 Gbit/s DQPSK signal at the output. The following PM was driven by a third 40 Gbit/s binary data stream (D3), creating a π/4 phase shift onto DQPSK for 8-ary DPSK generation. The signal was then fed into the MZM driven by a 40 GHz sinusoid to generate an RZ format with 50% duty cycle. All data streams (D1, D2, and D3) were decorrelated pseudo-random binary sequences (PRBSs) with lengths of 2 11 − 1. The length of the PRBS was essentially limited by the programming capability of an error counter due to the lack of a pre-coder. In addition, this transmitter can generate 4-and 2-ary DPSK signals by turning off D3 and D2-D3, respectively.
Next, the transmission link was realized by multiple spans of an erbium-doped fiber amplifier (EDFA) followed by a 120 km SMF. The accumulated dispersion was then postcompensated by either a concatenation of 120 km continuous FBG modules or multiple spans of an EDFA and DCF with 18 dB per-span loss on average. It should be noted that the influence of fiber nonlinearities may differ, depending on the dispersion map of the transmission link. A post-compensation link was chosen in this work as it is expected to provide fewer nonlinear impairments for high-speed signals (≥40 Gbit/s) [10] .
At the receiver, the received signal first passed through an optical bandpass filter (BPF) with a 3 dB bandwidth of 100 GHz for noise suppression and differentially demodulated by a delay line interferometer (DLI) with a free spectral range (FSR) of 43 GHz. The demodulated signals were then detected by a balanced detector (BD) and fed into the error counter, which was programmed with the expected differentially demodulated bit patterns. Note that the use of the DLI with a non-ideal FSR can cause performance degradation. However, such degradation has been shown to be negligible when the FSR differs by less than 10% from the ideal value as in this work [11] .
B. Coherent-Detection Systems
As illustrated in Fig. 4 , a QPSK transmitter consisting of an external cavity laser (ECL) with a linewidth of 500 kHz and an I/Q modulator was used. The modulator was driven by two 28 Gbit/s PRBSs (D1 and D2), with lengths and relative delays of 2 15 −1 and 16,381 bits, respectively. The QPSK signal was then polarization multiplexed through a 3 dB coupler, an optical delay line, and a polarization beam splitter (PBS).
Next, the DP-QPSK signal was launched into a transmission link, comprising multiple spans of a 120 km SMF with an EDFA located upfront followed by concatenation FBG modules for dispersion compensation, and was detected by a conventional coherent receiver. The receiver was made of an 0.8 nm BPF, a free-running ECL with a linewidth of 100 kHz as local oscillator (LO), two PBSs, and two optical 90 • hybrids with four integrated BDs. The signal components (I x , Q x , I y , Q y ) from the four BDs were then asynchronously sampled and digitized by a 50 GSample/s real-time oscilloscope with an analog bandwidth of 16 GHz. The four digitized streams, each with 2 × 10 6 discrete samples, were processed offline.
The DSP started with I/Q imbalance compensation, a static time-domain finite impulse response (FIR) filter for dispersion compensation, and signal resampling. The resampled signal was then polarization demultiplexed and linearly equalized by an N tap T/2-spaced adaptive butterfly FIR filter optimized with the standard constant modulus algorithm (CMA). An intermediate-frequency (IF) recovery and carrier-phase estimation (CPE) were subsequently performed using a fast Fourier transform (FFT) method and the 4th-power Viterbi-Viterbi algorithm, respectively. Lastly, BER counting was performed, based on differential-coded symbol-to-bit mapping.
IV. GDR-INDUCED PERFORMANCE DEGRADATION IN HIGH-SPEED TRANSMISSION SYSTEMS
In this section, we investigate the influence of FBG-induced GDR in high-speed transmission systems with differential and coherent detection. For the differential-detection system, we first compare the GDR-induced penalty among M-ary RZ-DPSK (M = 2, 4, 8) at symbol rates of 10 and 40 GBd with respect to the number of continuous FBG modules used in the systems. We then perform the nonlinear-tolerance comparison between the systems implementing DCFs and FBG modules for dispersion compensation, using 5 × 80 Gbit/s 100-GHz-spaced WDM RZ-DQPSK over the 480 km link.
For coherent-detection systems, we first discuss the influence of GDR induced by both continuous and channelized FBG modules on a 112 Gbit/s DP-QPSK signal with respect to signal wavelengths. We then present the performance comparison between the systems implementing the EDC and FBG modules for dispersion compensation over an 840 km straight-line SMF link.
A. System With Differential Detection
The comparison of the GDR-induced penalty among M-ary RZ-DPSK (M = 2, 4, 8) systems was performed with respect to the number of 120-km continuous FBG modules implemented in the link (see Fig. 3(a) ). The penalty here is quantified as the required optical signal-to-noise ratio (OSNR) for BER = 10 −3 relative to the back-to-back sensitivity. In the transmission link, the P L into the SMF (P L,SMF ) for each span was adjusted to be 0 dBm to avoid the influence of fiber nonlinearities. The results for the 10 GBd (broken lines) and 40 GBd (solid lines) systems are plotted in Fig. 5 . For the 10 GBd systems, we observe no significant penalty after transmission through a concatenation of 5 × 120 km continuous modules. However, given the same amount of GDR, this penalty becomes significant for the 40 GBd signals. In addition, the results show that the GDR-induced penalty increases with the number of modulation levels and FBG modules used in the link. Notice that since P L,SMF was kept low at 0 dBm, the number of FBG modules used in the case of 40 GBd 8-ary DPSK was limited to 3 modules due to insufficient OSNR at the receiver.
For the nonlinear-tolerance comparison between the systems implementing DCFs and FBG modules, 4 spans of 120 km SMF followed by either a concatenation of 4 × 120 km continuous FBG modules (see Fig. 3(a) ) or 4 spans of DCF (Fig. 3(b) ) were used as a transmission link. The signal used in this comparison was 5×80 Gbit/s 100-GHz-spaced RZ-DQPSK, of which the odd and even channels were generated from two independent DQPSK transmitters. Figure 6 plots BER performances (center channel only) of the two investigated systems with respect to the delivered OSNR at the receiver. In the plots, each group of measured data connected with a solid line represents one value of the P L,SMF which was varied from 3 dBm to 14 dBm with 1 dB resolution. For each P L,SMF , the P L into the DCF (P L,DCF ) and the P L into the FBG modules (P L,FBG ) were varied independently to achieve the optimal performance.
As seen in Fig. 6(a) , we observe that the transmission performance in a linear regime (low launch powers) of the FBG-based system is penalized by 0.5 dB with respect to the back-to-back performance (broken line), which we attribute to the FBG-induced GDR. Note that this linear penalty may vary depending on the amount of GDR present in the system. Next, for each P L,SMF (solid lines) we see no nonlinear distortion of the signal when increasing P L,FBG (from 8 dBm to 16 dBm with 2 dB resolution) since nonlinearities are absent in the FBG modules. Lastly, by independently optimizing P L,SMF and P L,FBG , we find that the optimal performance of the FBG-based system is obtained at P L,SMF = 12 dBm and P L,FBG = 16 dBm, respectively. Note that P L,FBG is limited to 16 dBm due to EDFA saturation.
For the DCF-based system (Fig. 6(b) ), on the other hand, we observe that the transmission performance in a linear regime is consistent with the back-to-back performance (broken line). We also find that, by sweeping P L,DCF (in the 8 dB range around its optimal point with 2 dB resolution), the curve (solid line) exhibits an optimal value, which is a compromise between noise and fiber nonlinearities. This is indeed attributed to certain OSNR degradation at the receiver as P L,DCF must be reduced to avoid a strong nonlinear interaction. In addition, to minimize the overall nonlinear distortion of the entire system, we find that the optimal P L,SMF is less than that of the FBG-based system. As a result, the optimal performance of the DCF-based system is found to be at P L,SMF = 10 dBm and P L,DCF = 6 dBm. As seen, using FBG modules instead of DCFs provides 2 dB improvement of the optimal P L,SMF , which (together with P L,FBG = 16 dBm) leads to more than 3 dB higher OSNR at the receiver. It should be noted that the insertion loss of the DCFs used in this work is two times larger than that of current commercial products. However, as most of the ASE noise is generated by EDFAs with higher gain (i.e., those located in the SMF spans), similar conclusions are still expected when using low-loss DCFs in the comparison.
B. Systems With Coherent Detection
The performance degradation caused by a concatenation of 100-GHz-spaced channelized FBG modules was first evaluated with the CMA equalizer N tap = 15. During these measurements, the SMF in the link was omitted to avoid the influence of nonlinearities and the accumulated dispersion from FBG modules was compensated electronically.
In Fig. 7 , Q-factors at 15 dB OSNR (circles) after a concatenation of 9 × 120 km channelized FBG modules are plotted as a function of the signal wavelengths centered on the ITU grids. The normalized insertion loss of the concatenated modules (solid line) is also included in the plot. As seen, the Q-factors are found to be approximately 9.9 dB (on average) with small variation (∼0.2 dB) among the 11 probed channels. A similar Q-factor measurement was also performed with respect to wavelength detuning from the ITU grid using the same setup. The results, which are depicted in Fig. 8 (circles), show less than 0.5 dB penalty of the Q-factor when the signal wavelength is detuned within ±12.5 GHz of the center frequency. Beyond this range, however, more than 2 dB degradation of the Q-factor is observed, which is due to the module's channelization. Note that the back-to-back Q-factor at 15 dB OSNR was found to be approximately 10 dB (approximately 1 dB worse than the theoretical limit). 0.2 nm step. As seen, we notice less than 0.3 dB variation of the Q-factor regardless of the amount of GDR induced by the FBG modules across the probed wavelengths. Note that the use of mixed versions of continuous FBG modules in these experiments is due to the lack of adequate 120 km modules to achieve dispersion compensation for >800 km transmission of SMF.
Lastly, the performance comparison between the 112 Gbit/s DP-QPSK systems implementing EDC and a concatenation of 8 (5 × 120 km + 3 × 80 km) continuous modules for dispersion compensation was conducted over an 840 km straight-line SMF link. In the case of the FBG-based system, P L,FBG was adjusted to be the same as P L,SMF , resulting in approximately 0.4 dB OSNR degradation at the receiver due to additional insertion loss imposed by the FBG modules. Figure 10 plots the Q-factors as a function of P L for both systems. As seen, in linear transmission (low launch powers), the system with FBG modules provides 0.4 dB lower Q-factor, which is consistent with the OSNR degradation. However, since fiber nonlinearities are dominant at the optimal P L and beyond (≥6.5 dBm), the 0.4 dB advantage found in the system with EDC vanishes. Note that the operating wavelength in this comparison was 1553.12 nm and the equalizer N tap = 15 was used. 
V. GDR MITIGATION CAPABILITY IN COHERENT-DETECTION SYSTEMS
In the preceding section, we have shown that with N tap = 15 the GDR-induced penalty is practically negligible due to the GDR mitigation capability of the linear equalizer. In this section, we further concentrate on the GDR mitigation capability in the 112 Gbit/s systems with limited equalizer N tap . The mitigation capability here is quantified in the form of the Q-factor variation over the probed wavelengths. Similarly to the preceding experiments, the investigation was carried out over a concatenation of 8 (5 × 120 km + 3 × 80 km) continuous FBG modules without SMFs in the link. Figure 11 depicts Q-factors measured at 15 dB OSNR over 20 nm with three different values of N tap . As seen, larger N tap provides smaller variance of the Q-factor across the probed wavelengths. This is because the FBG-induced GDR gives rise to inter-symbol interference. Hence, an adequate N tap is required to effectively suppress such an impairment. To summarize the impact of the equalizer N tap , in Fig. 12 we plot standard deviations (circles) and peak-to-peak variations (squares) of Q-factors across the probed wavelengths as a function of the equalizer's tap number. It is evident that at least 9 taps (corresponding to a frequency resolution of 56/9 = 6.2 GHz) are required to reduce the Q-factor variation to 1 dB after a concatenation of 8 (5 × 120 km + 3 × 80 km) continuous FBG modules.
VI. CONCLUSION
We have experimentally investigated the feasibility of implementing FBG modules for dispersion compensation in high-speed transmission systems with both differential and coherent detection and have shown the benefits of using the FBG modules in both systems. modulation levels. We have also shown that, for 5 × 80 Gbit/s 100-GHz-spaced RZ-DQPSK transmission over a 480 km SMF link, substituting DCFs with FBG modules results in a 2 dB higher optimal P L,SMF , which leads to more than 3 dB OSNR improvement at the receiver. Indeed, this improvement overcomes the small GDR-induced penalty arising from a concatenation of 4 × 120 km continuous FBG modules.
For the 112 Gbit/s DP-QPSK coherent system, we have found that the GDR-induced impairment imposed by a concatenation of 8 (5 × 120 km + 3 × 80 km) continuous FBG modules and a concatenation of 9 × 120 km channelized modules is practically negligible, given that an equalizer N tap ≥ 13 is used. Furthermore, we have for the first time demonstrated that at the optimal launch power, the system using FBG modules provides a similar performance to that implementing EDC despite the fact that the former system delivers 0.4 dB lower OSNR at the receiver. Lastly, we have quantified that the dynamic equalizer's resolution must be at least 6.2 GHz to reduce the variation of Q-factors to within 1 dB. All in all, the use of FBG modules in 112 Gbit/s coherent systems allows the removal of the static equalizer, i.e., EDC, at the expense of a small increase in dynamic equalizer tap number.
